Abstract Placental malaria is a special form of malaria that causes up to 200,000 maternal and infant deaths every year. Previous studies show that two receptor molecules, hyaluronic acid and chondroitin sulphate A, are mediating the adhesion of parasite-infected erythrocytes in the placenta of patients, which is believed to be a key step in the pathogenesis of the disease. In this study, we aimed at identifying sites of malaria-induced adaptation by scanning for signatures of natural selection in 24 genes in the complete biosynthesis pathway of these two receptor molecules. We analyzed a total of 24 Mb of publicly available polymorphism data from the International HapMap project for three human populations with European, Asian and African ancestry, with the African population from a region of presently and historically high malaria prevalence. Using the methods based on allele frequency distributions, genetic differentiation between populations, and on long-range haplotype structure, we found only limited evidence for malaria-induced genetic adaptation in this set of genes in the African population; however, we identified one candidate gene with clear evidence of selection in the Asian population. Although historical exposure to malaria in this population cannot be ruled out, we speculate that it might be caused by other pathogens, as there is growing evidence that these molecules are important receptors in a variety of host-pathogen interactions. We propose to use the present methods in a systematic way to help identify candidate regions under positive selection as a consequence of malaria.
Introduction
Historically, studies on human genetic variation have focused mostly on demography, in the form of studies of population history (Cavalli-Sforza et al. 1994 ). In the past few years, however, a new interest in natural selection as the object of study has arisen (Sabeti et al. 2006) , partly due to the availability of large, publicly available genotype data sets, such as the one produced by the International HapMap project (The International HapMap Consortium 2005 . It has been proposed that searching for the footprint of selection is a good strategy to find functional variation (Bamshad and Wooding 2003) . A variety of methods exist for these kinds of analyses, differing in their applicability to different types of genetic data as well as in the evolutionary timeframe they have power to detect selection (for thorough reviews see Bamshad and Wooding 2003; Nielsen 2005; Sabeti et al. 2006) .
The malaria parasite Plasmodium falciparum causes an estimated 350-500 million clinical episodes of malaria worldwide every year, with a death toll of over one million annually, most of which are children (World Health Organization 2005) . Not surprisingly, it is believed to be the strongest selective force that humans have experienced in recent history (Kwiatkowski 2005) , and a variety of genetic variants have been described that are generally assumed to be a direct consequence of that (Ohashi et al. 2004; Sabeti et al. 2002; Tishkoff et al. 2001; Wood et al. 2005) . As some well-known examples, they are the underlying cause of erythrocyte deficiencies such as sicklecell disease (caused by the hemoglobin S variant), thalassemias or glucose-6-phosphate (G6PD) deficiency. The fact that these variants are maintained at appreciable frequencies in affected populations, despite most of them being almost always lethal in the homozygous state, are clear signs of the selective force exerted by the parasite (Min-Oo and Gros 2005) . Given this strong pressure, it has been recently suggested that, in the case of malaria, incorporating evidence of selection is a good strategy to improve power to detect protective loci in genetic association studies (Ayodo et al. 2007) .
Plasmodium falciparum infection in adults living in areas of high malaria transmission rarely causes severe malaria, due to their acquired immunity to infection. Pregnant women however are an exception, especially during their first pregnancy (McGregor et al. 1983 ). Pregnancy-associated malaria can lead to a feto-maternal syndrome characterized by maternal anemia, fetal growth retardation and low birth weight (Steketee et al. 1996) . These conditions are associated with substantial morbidity and mortality in mothers and especially newborns, with an estimated death toll of up to 100,000 infants related to placental malaria (Brabin 1983; Desai et al. 2007; Menendez et al. 2000; Okoko et al. 2002) . It results not only in lower birthweight in newborns, leading to higher mortality but also in a significant increase in malaria susceptibility of newborns (Mutabingwa et al. 2005) . While there have been numerous studies to date on natural selection related to malaria (see above), none of them has been specifically aimed at placental malaria infection. The present study is a first attempt to detect signatures of natural selection related to this type of malaria, which is believed to involve different susceptibility factors than malaria in children. There is growing evidence that placental parasites express host cell surface antigens in the infected erythrocytes that are functionally distinct from those of non-placental parasites. Various studies indicate that two glycosaminoglycans, hyaluronic acid (HA) and especially chondroitin sulfate (CS)-A, serve as placentaspecific receptors for infected erythrocytes in pregnancyassociated malaria (Beeson et al. 2000; Fried et al. 2006; Rogerson et al. 2007 ), making them interesting targets for an in-depth study of signatures of selection.
This article presents the result of a study aimed at using methods of evolutionary genetic analysis to identify functionally important variation in a set of candidate genes related to placental malaria. Candidate gene studies are usually done using genes with prior evidence of being involved in the disease (e.g., genes with signals of association), but not necessarily with a clear functional relation among them. Given the increasing amount of information about protein interactions in functional pathways, including biosynthesis, available in public databases, it seems logical to incorporate this information in the selection of candidate genes, to include all possible sources of variation related to a given phenotype. To this end, we employ a pathwaycentric approach, examining the complete set of genes in the biosynthesis pathways of HA and CS. We analyzed publicly available single nucleotide polymorphism (SNP) genotype data of the 24 genes in these pathways in three populations with different exposure to malaria. We propose this systematic approach as a useful tool for the identification of possible targets of natural selection.
Materials and methods

Candidate gene regions
A list of the complete set of genes for CS biosynthesis was obtained by querying the KEGG PATHWAY database for this pathway (http://www.genome.jp/dbget-bin/www_bget? path:hsa00532). Genes for HA biosynthesis were obtained from Varki (1999) . The complete list included a total of 24 genes, 21 genes for CS biosynthesis and 3 genes for HA biosynthesis (Table 1) . Chromosomal positions for all genes (NCBI human genome build 35/HG17) were retrieved by querying the knownGenes table of the UCSC Genome Browser (http://genome.ucsc.edu), whereas information about the molecular function of the genes were obtained by batch query of the PANTHER database (http://www. pantherdb.org).
Genotype data
Genotype data for the genes of interest was obtained from the HapMap website (http://www.hapmap.org). We downloaded SNP genotype data of the HapMap release 21 (phase 2, July 2006) for all unrelated samples in the four HapMap populations (CEU-CEPH North Americans with European ancestry; YRI-Yorubans from Ibadan, Nigeria; JPT-Japanese from Tokyo; CHB-Chinese from Beijing). Due to the high degree of genetic similarity between the two Asian populations we analyzed them as a single population (JC). Thus, our final analysis panel consisted of 60 CEU, 60 YRI and 90 JC individuals. For our 24 genes of interest, SNP genotype data and phased haplotypes of all SNPs that are polymorphic in at least one of the study populations were downloaded for 1 Mb regions centered on the gene of interest. This size was chosen to adequately cover even the largest gene in the list (XYLT1, 360 kb) as well as to obtain sufficient data for background distributions for our analysis. In no case more than one candidate gene was found in the same regions; thus all regions are completely independent. Functional status information for each SNP was retrieved by querying the snp125 table of the UCSC Genome Browser.
Data handling and analysis
Unless otherwise stated, all data analysis was carried out using the R statistical software package (version 2.4.0, http://www.r-project.org) as well as the SNPator web application package (http://bioinformatica.cegen.upf.es). Since we only worked with released HapMap data that had already passed stringent quality control, none of the usual tests like departures from Hardy-Weinberg equilibrium were necessary to be performed.
Allele frequency analysis
For each window across every gene region in each population, we analyzed the distribution of the minor allele frequencies (MAF analysis) and the derived allele 
We calculated molecular fixation indices (F ST ) per locus using the ARLEQUIN software package (version 3.11, Excoffier et al. 2005) . Genetic structure of the study populations was inferred using the analysis of molecular variance (AMOVA) framework (Excoffier et al. 1992) . To treat missing data accordingly, we carried out a locus-by-locus AMOVA. Empirical percentiles of F ST values were calculated based on the empirical distribution of all F ST values over all analyzed regions. Markers on the X chromosome generally show elevated levels of F ST compared to autosomes due to different population genetic properties (e.g., lower effective population size). We therefore excluded the CHST7 region from this analysis.
Long-range haplotype (LRH) analysis
The analysis was carried out using the SWEEP software package (version 1.1, http://www.broad.mit.edu/mpg/ sweep/index.html) as well as our own implementation of the test. We employed two different approaches to look for selection, both based on the extended haplotype homozygosity (EHH) measure introduced by Sabeti et al. (2002) . In order to obtain enough data for a background distribution of EHH values as well as being able to examine regions with possible low recombination rates and therefore long extended haplotypes, we analyzed phased haplotype data for 1 Mb regions centered on the genes of interest, excluding the CHST7 region on the X chromosome to only compare autosomal data. One of the analyzed regions (B4GALT7) showed a very low SNP density and gaps [100 kb between consecutive SNPs around the gene of interest. Since this can lead to inflated EHH values at long distances, we also excluded this region from our analysis.
The first approach was the EHH analysis method suggested by Sabeti et al. (2002) , and we defined core haplotypes according to the same criteria used by the authors. For each identified core haplotype in each of the regions, we calculated EHH and the relative EHH (REHH) at a genetic distance of 0.3 cM in both directions and plotted them against the frequency of the core haplotype. Core haplotypes were then placed in 5% frequency bins and the respective EHH and REHH values were logtransformed for each bin to obtain approximately normally distributed values.
The second approach we used is a method similar to the integrated haplotype score (iHS) introduced by Voight et al. (2006) . In this approach, we start by treating each SNP in turn as a ''core haplotype''. We then find the physical distance in both directions at which the EHH falls to 0.25, to obtain a total extended haplotype length for both the minor and the major allele at the core SNP analyzed. The test score HLS (haplotype length score) is then given by
where EHL m is the extended haplotype length at the minor allele and EHL M at the major allele. To account for differences in the values of the score across different frequency bins, we normalize it by nHLS ¼ HLS À E bin ðHLSÞ SD bin ðHLSÞ where E bin (HLS) is the mean and SD bin (HLS) the standard deviation of HLS for all core SNPs in the same frequency bin as the tested SNP. The nHLS was calculated for each SNP in the data that reached an EHH of 0.25 or lower in both directions for both alleles. Furthermore, in order to identify regions along a chromosome that contain multiple SNPs with high scores we calculated the average score, as well as the proportion of SNPs with an absolute value of nHLS [ 2.5, over sliding windows of 15 adjacent SNPs for each SNP in each of the regions.
Statistical significance and multiple testing
Empirical P values for the LRH analyses were obtained by using the mean and standard deviation of the empirical distribution of the respective scores. To account for multiple testing, we estimated the positive false discovery rate (pFDR) (Storey and Tibshirani 2003) and calculated the q value for the scores within each frequency bin using the package q value (version 1.1) for R. The q value for a particular P value is defined as the expected proportion of false positives among all significant P values when calling that P value significant. We used a q value cutoff of 0.05 for assigning significance.
Results
HapMap data
We analyzed SNP polymorphism data from Phase 2 of the International HapMap Project (The International HapMap Consortium 2005 for 24 gene regions involved in the biosynthesis of CS and HA (see Materials and methods and Table S1 in electronic supplementary material). Table 1 gives an overview of the analyzed regions. The data consist of a total number of 26,282 SNPs in 210 individuals of three populations, covering roughly 24 Mb of the human genome. We restricted our analysis to SNPs that were polymorphic in at least one of the populations, including SNPs that were not typed in all the three populations. Thus, the total numbers of SNPs analyzed for each population were 25,380 for Europeans (CEU), 25,716 for Asians (JC) and 25,125 for Africans (YRI). Of the respective totals, 20,389 (80.3%) were polymorphic in CEU, 19,909 (77.4%) in JC and 22,674 in YRI (90.2%), consistent with previous observations that African populations show generally higher levels of diversity. The average SNP density over all regions was 1 SNP per *900 base pairs, with the lowest average density at 1 SNP per 3.8 kb in the B3GALT6 region.
MAF-DAF analyses
We next carried out two types of analysis of the allele frequency distributions, the minor allele frequency (MAF) and the derived allele frequency (DAF) analyses, in a similar way as previously suggested by Walsh et al. (2006; see Materials and methods) . This method aims at detecting selective sweeps due to the characteristic allele frequency spectrum caused by selection. An excess of rare alleles and/or a high proportion of high frequency derived alleles could indicate positive selection, whereas an excess of intermediate frequency alleles could be produced by balancing selection. In the MAF analysis, outliers with high proportion of rare MAFs could indicate positive selection (due to the local reduction of variation caused by a selective sweep), whereas outliers with a high proportion of high frequency MAFs could point towards balancing selection. Similarly, regions with high proportion of high frequency derived alleles in the DAF analysis could also indicate positive selection. It is important to point out three caveats of this method that have to be taken into account when interpreting the results. First, it is well known that allele-frequency-based methods are not powerful for detecting recent selective sweeps (Hanchard et al. 2006 ). However, we expect that a strong sweep would still be leaving a detectable signature in the allele frequency spectrum, as demonstrated by the example of LCT (see Supplementary information). Second, due to the ascertainment scheme of the HapMap, which was aimed mainly at genotyping common SNPs (MAF [ 0.05), the allele frequency spectrum of the data is skewed towards common alleles. This bias makes it more difficult to detect regions with excess of rare alleles or an excess of high frequency derived alleles that are near fixation, and is also the reason why it is not possible to apply statistical tests for resequencing data like Tajima's D to SNP data (see the case shown in Soldevila et al. 2005) . The extent of the bias is also likely to be different between populations; however, since we only do comparisons within populations, we do not expect this to influence our results significantly. Third, the method is not a statistical test, but merely a crude way of identifying regions that show interesting patterns in the distribution of allele frequencies. When analyzing 24 Mb of data we expect that some windows will be outliers just by chance. Despite these caveats, in combination with the results of the other analyses undertaken in this study, the method will help to identify interesting candidate regions. Figure 1 shows the results of this analysis. As a first observation, we note that for both the MAF (Fig. 1a) and DAF analyses (Fig. 1b) , the distributions are more spread for the CEU and JC populations compared to the YRI, indicating that there is more fluctuation in the allele frequencies in these populations. This is easily explained by the different demographic histories of these populations (Cavalli-Sforza and Feldman 2003) . Due to these, nonAfrican populations generally show stronger effects of genetic drift, leading to the more varied allele frequency spectrum observed in Fig. 1 . In all three populations, we identified potentially interesting outlier regions, which are summarized in Table 2 . As a general observation, it is interesting to note that genes detected as outliers in the two types of analyses greatly overlap. In the CEU, a 130-kb region including the B3GALT6 gene shows high proportions of rare MAFs (0.66-0.72) with the same, albeit slightly shorter region also showing a high proportions of high frequency derived alleles (0.38-0.50). In the JC, we identified three different regions showing very high proportions of rare alleles, with two of these regions additionally exhibiting a high proportion of high frequency derived alleles. In the B3GAT3 region, a stretch of 200 kb shows proportions of rare MAFs that range from 0.70 to 0.96, but only one of these 100 kb windows also is an outlier in the DAF analysis. Another interesting region is the one containing XYLT1, with a 200-kb large region showing high proportion of rare MAFs as well as high frequency DAFs. Examining the distribution of MAF and DAF for each SNP along the chromosome in the coding region of this gene, compared to the same gene in the CEU population, we found that the region covering exons 1-3 (roughly from 17,250 to 17,500 kb) shows a very distinct pattern of allele frequencies, with almost complete lack of intermediate frequency alleles, as opposed to the CEU SNPs (see Fig. S1 in electronic supplementary material) . The region between exon 1 and exon 2 has a particularly striking distribution, with basically all SNPs being either rare or near fixation, and a significant proportion of the near-fixation alleles being derived alleles. Lastly, we also identified two outlier regions in the YRI sample. As mentioned earlier, the YRI show a much more compact distribution with less extreme proportions. In the MAF analysis, a 130-kb region containing GALNACT-2 shows a relative excess of rare alleles. Interestingly, the same region in the DAF analysis exhibits a relative excess of low frequency derived alleles, which would indicate possible purifying selection in the region. Additionally, a 130-kb stretch in the B3GAT1 shows a relatively high fraction of high frequency derived alleles (0.21-0.26), making it another candidate for further investigation.
Population differentiation
We calculated F ST for each SNP in the full regions to identify loci that show a high population differentiation, which can be an indicator of local adaptation in a population (Akey et al. 2002; Sabeti et al. 2007 ). The analysis was carried out globally as well as for all three pairwise comparisons (CEU vs. JC, CEU vs. YRI, JC vs. YRI). Mean F ST was in agreement with overall HapMap data at , and the 0.95 and 0.99 percentile were 0.37 and 0.54, respectively. We then analyzed our candidate genes compared to the background distribution obtained from the full regions. Table 3 shows the results for each of the analyzed genes. The gene with the highest global F ST is D4ST1 (0.259), followed by CHSY1 (0.255) and XYLT1 (0.253). It has been shown that F ST values show substantial variation even among SNPs that are very close to each other (Weir et al. 2005) , and that individual extreme F ST values do not necessarily imply positive selection (Gardner et al. 2007 ). Therefore, we focused on regions that show high values among multiple markers. CHSY1 has the second highest average F ST of the data, and nine of 87 SNPs in the region have values above the 0.95 percentile. Examining the F ST profile over the whole region, we found that the YRI are very differentiated from either JC or CEU in the region with elevated F ST values, which could be an indicator of local adaptive pressure in YRI (see Fig. S2 in electronic supplementary material) .
The most interesting result is again in the XYLT1 gene, which also contains the SNP with the highest F ST of all our candidate genes (0.66). Of the 484 SNPs, 62 (13%) have values exceeding the 0.95 percentile, and 22 (5%) have values above the 0.99 percentile. Looking at the F ST profile of the region, we found that high values occur all over the gene, with multiple SNPs showing extreme values in a stretch of around 150 kb from positions 17,250 up to 17,400 kb (see Fig. 2a ). In the pairwise comparisons, the differentiation between JC and each of the other two populations is generally higher than between the two (Fig. 2b) , suggesting that this region might be under positive selection in JC. Notably, this region shows extensive overlap with the region identified as a clear outlier in JC in the MAF and DAF analyses above (see also Fig. 2c) , adding further support to this hypothesis.
Long-range haplotype analysis
As a last approach for detecting selection in our data we used two different methods based on the EHH measure (see Materials and methods). Both methods aim at detecting selection from local haplotype structure. A selective sweep causes the selected allele to spread rapidly through the population, leading to more extended linkage disequilibrium compared to the neutral expectation.
In the first approach, we use the methodology introduced by Sabeti et al. (2002) , by looking at the relative EHH at a genetic distance of 0.3 cM in both directions from a particular core haplotype. As before, we obtained a background distribution to compare our genes to by analyzing the full 1-Mb regions. Figure 3 shows the distributions of REHH versus frequency for the three studied populations, and Table 4 shows the list of significant core haplotypes after correction for multiple testing. The most immediate result that can be seen is five cores with *60% frequency which are clear outliers in the JC sample. Four of those remain significant after correcting for multiple testing (see Materials and methods) , and all of those cores are again found in XYLT1. Interestingly, all four core haplotypes only show significant extended haplotypes in the plus direction, indicating the possibility of a recombination hotspot in the minus direction of the cores (see below). The strongest signal comes from a five SNP core haplotype with an allele frequency of 0.622 (core XYLT1-1), which exhibits an extremely high REHH value of 80.7 (q value 0.002). The signal extends beyond 0.5 cM, corresponding to roughly 200 kb in this region. The other significant result in our data comes from two adjacent core haplotypes around *18 kb upstream of UST in the YRI (q value 0.045). In addition, two SNPs within the cores also show F ST values greater than the 0.99 percentile (rs4130936, F ST = 0.55 and rs6938228, F ST = 0.54). Haplotype bifurcation plots and REHH decay plots for the top core in XYLT1 (XYLT1-1) as well as for one of the two significant cores in UST (UST-1) are given in Fig. S3 in electronic supplementary material.
The second approach we employed is a modified version of the iHS score introduced by Voight et al. (2006) . In our own implementation, instead of calculating the integral under the EHH decay plot we simply measure the total length of the haplotype between the two points where EHH The total number of SNPs for which scores could be obtained in our datasets was 15,817 in CEU, 15,014 in JC and 18,307 in YRI. Table 5 gives a summary of all SNPs with high scores in our genes. Although none of the SNPs by themselves reached significance after multiple testing correction, we still identified two interesting candidate regions that merit further investigation, namely, ChGn in the YRI and again XYLT1 in the JC sample. Three of the top five scoring SNPs in the YRI are within ChGn, and are concentrated in a small stretch in the centre of the region (see Fig. S4 in electronic supplementary material). Furthermore, this cluster contains a non-synonymous SNP (rs17128518, MAF = 0.075) which, although having a score slightly below our threshold for calling SNPs with high scores, shows the highest score of all non-synonymous SNPs in the YRI sample (nHLS = 2.702). In the JC sample, 8 of the top 10 scores are found in XYLT1. The SNP with the highest score (rs7200407, nHLS = -3.988) has the second highest score of all analyzed SNPs in JC. Analyzing the distribution of scores along the region, it can be clearly seen that multiple SNPs with high scores cluster within the gene, particularly between position 17,250 and 17,450 kb (see Fig. 2d, e) . This region again coincides with the regions already identified in the other analyses. For example, the two top scoring SNPs are also both outliers in the 99th percentile of the F ST distribution, with values of 0.59 (rs7200407) and 0.57 (rs4780701). Figure 4 shows the haplotype bifurcation and EHH decay plots for two of the SNPs mentioned earlier. At the non-synonymous SNP in ChGn in the YRI (rs17128518, Fig. 4a ), the low frequent haplotype 2, we note that a stretch of sequence around 100 kb long surrounding the SNP is made up by only a single haplotype. In the JC, the highest scoring SNP in XYLT1 (rs7200407, Fig. 4b) shows a very suggestive extended haplotype pattern, with the EHH of the more frequent allele decaying much slower than that of the minor allele. Considering also the results of the previous methods, these results are strong indicators of positive selection in XYLT1.
Discussion
In this article, we present the result of a study aimed at identifying candidate regions that could be involved in host-pathogen interaction in humans. We took advantage of the wealth of publicly available data, in two different forms such as large databases of human variation data (the HapMap), as well as curated databases of metabolic pathways that allow the quick retrieval of the complete set of genes known to be involved in a given biological process. We utilized this pathway-centric approach to analyze all the genes in the biosynthesis of chondroitin sulfate and hyaluronic acid, two glycosaminoglycans with prior evidence for interaction with the malaria parasite P. falciparum in placental malaria (Beeson et al. 2000; Fried et al. 2006; Rogerson et al. 2007 ). Moreover, we also took advantage of the geographic distribution of the three HapMap populations, with very different pathogen environments and the African population (YRI) having been strongly affected by malaria.
We used three different methods to analyze our data, based on allele frequencies, population differentiation and long-range haplotypes. Given the recent origin of selection related to malaria, we expect the LRH analysis to be the most powerful (for a comparison of the different timeframes for each method, see Sabeti et al. 2006) . Another advantage of this method is that it is not significantly influenced by the HapMap ascertainment bias (see Voight et al. 2006) . Both allele frequency and population differentiation methods are more susceptible to this bias.
Nonetheless, each of these methods can give us additional information on the possibility of selection at a locus, and strong signals in each analysis will give more confidence in a detected signal (see also Supplementary information). In fact, a recent paper by Sabeti et al. (2007) used a similar strategy to filter results obtained from LRH based analyses. On the basis of our analysis, we identified three candidate genes that show evidence of positive selection: UST and ChGn in YRI and XYLT1 in JC.
UST codes for a sulfotransferase that catalyzes the transfer of sulfate onto uronyl-residues of the polysaccharide backbone of the CS molecule. Two adjacent core haplotypes located 18 kb upstream of the gene showed a significant result for the LRH analysis in the YRI, with two SNPs within the cores also exhibiting large F ST . Due to the 5 0 -location and lack of other genes located in this region, we speculate that this region could be involved in the transcriptional regulation of UST. Despite the quite large distance from the gene, important regulatory regions may very well be found tens of kilobases away from the actual coding region. An example of this is LCT, where two SNPs found to be associated with lactase persistence are 14 and 22 kb upstream of the gene, within two introns of a neighboring gene (Enattah et al. 2002) . Both ChGn and XYLT1 code for enzymes involved in the synthesis of the polysaccharide backbone of the CS molecule. ChGn is interesting due to the fact that it contains the non-synonymous SNP with the highest nHL score of all analyzed regions in the YRI, within a small cluster of the highest scores in our genes of interest. It serves as an example that it is important to include functional information of the particular SNP in the analysis, as the score by itself, although high, is not found within the extreme outliers of the distribution. The SNP rs17128518 is only polymorphic in the YRI, with an allele frequency of 0.075. The cytosine to thymine transition in the first exon of the Fig. 4 Haplotype bifurcation and REHH decay plots for two core SNPs. Shown are haplotype bifurcation plots (left) as well as EHH decay (right) over physical distance for two core SNPs. a Plots for rs17128518 (MAF = 0.075), the high score non-synonymous SNP in ChGn. To note is the complete homozygosity of the haplotypes carrying the minor allele (orange) for a stretch of 100 kb, as seen by an EHH of 1 (right) and a lack of bifurcations (left). b Plot for rs7200407 (MAF = 0.183), the highest scoring SNP in XYLT1. It is clearly visible that the EHH decays much slower at the major allele (red), despite the very high allele frequency (0.817), a clear indicator of selection leading to the high scores observed gene causes the substitution of a valin by an isoleucin at amino acid position 137 in the protein. Although this is a conservative substitution (Grantham 1974) , it occurs within the catalytic domain of the protein, which could indicate a possible effect on protein function. However, since low frequency SNPs are assumed to be of very recent origin and therefore generally occur on long extended haplotypes, this result has to be interpreted with caution. Tests for selection based on extended haplotypes have the highest power to detect partial sweeps for allele frequencies greater than 10% (Sabeti et al. 2006) , which makes it difficult to distinguish a real selection event from an extreme case within neutral variation. Even so, the fact that our test is normalized using all scores calculated in the same frequency bin as well as the complete lack of variation in a 100-kb region surrounding the SNP could indicate that we are observing a very recent selective sweep in the region.
The most promising candidate of our study is XYLT1, which showed strong signatures of selection in the JC sample in all our analyses. Figure 2 gives a summary of the results in the region. The region from exons 1-3 is particularly interesting, where a very suggestive pattern of allele frequencies coincides with multiple extreme F ST values as well as high nHL scores. Over most of the region, we find that the CEU and YRI are more closely related than any of the two populations are with the JC, particularly upstream of exon 2 and around exon 3. The most extreme nHLS values cluster on both sides of exon 3. Interestingly, the significant core haplotypes observed in the REHH approach of the LRH analysis do not map to this region, but to the region from exons 9 to 11, which does not exhibit nHLS values as high (see Fig. S5 in electronic supplementary material). On the other hand, we did not find any significant core haplotypes in the REHH approach in the region that showed the highest nHL scores. For a possible explanation of the different results we note that the region of the significant cores is flanked by two predicted hotspots of recombination, one of them immediately upstream and the other one roughly 50 kb downstream. Closer examination of the EHH decay around the cores revealed that EHH falls to below 0.25 at roughly the positions of the hotspots (data not shown), resulting in those haplotypes not being detected as unusually extended by our score method due to our measuring of the haplotype length at an EHH of 0.25. Despite the apparent discrepancy, the combined evidence presented above strongly suggests that the target of selection is more likely to be found in the region surrounding exons 2 and 3.
Our primary aim was to identify variants related to placental malaria, which should lead to signatures of selection detectable in the African population, YRI. Indeed, we found some evidence for selection in two regions in the YRI sample, UST and ChGn, but it is not totally conclusive. Apart from the possibility of a lack of power to detect very recent selective sweeps like in the case of ChGn (see above), the most parsimonious explanation would be that no variants with a strong protective effect exist in this set of genes in the YRI population. However, this does not rule out the possibility of adaptation related to placental malaria in these genes in other populations. In fact, one particular feature of protective variants in malaria is that different populations have evolved different genetic variants to combat the disease (Kwiatkowski 2005) . It would be interesting to examine variation in these genes in other exposed populations to investigate this possibility. Another explanation would be that changes in the ability of infected erythrocytes to bind to HA and CS in the placenta have no significant impact on disease outcome in pregnant women. This explanation would challenge the idea that adhesion in the placenta is a key step in the pathogenesis, but given the evidence on the contrary (see Rogerson et al. 2007 for a review), this explanation seems unlikely.
The most promising candidate was found in the JC sample, which is a combined sample of two East Asian populations from Beijing, China and Tokyo, Japan. Although it cannot be ruled out that malaria transmission occurred in the past, these regions are currently not endemic regions (World Health Organization 2005) . Several studies have shown that the various forms of chondroitin sulfate serve as receptors for a variety of pathogens (Sugahara et al. 2003; Trowbridge and Gallo 2002) , indicating the possibility that one of those pathogens might be the causative agent of the strong signal observed in our data. Encouragingly, XYLT1 was also identified as candidate region for selection in two recent genome-wide studies using HapMap data The International HapMap Consortium 2007) .
In conclusion, our results show that an in-depth analysis of functional pathways can assist the identification of functionally important genetic variation. Mining of the publicly available human variability datasets allows this to be done in a rapid and cheap manner. The increasing amount of data on metabolic pathways and protein interactions provides additional information that should be incorporated to give a more detailed view of natural selection acting on functional pathways. We emphasize the broader applications of this approach to the rapidly emerging field of pathway genetics.
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